The magnetic nature of the B-site dopants controls the magnetic phases in B-site doped manganites RE1−xAExMn1−ηBηO3. Different B-site dopants of equal valence, doped into the same reference manganite, lead to different magnetic phases at low temperature, which can not be explained using the valence change scenario. We focus on trivalent B-site dopants in CE-CO-OO-I manganites at half-filling x = 0.50 to study the role of magnetic interactions between the B-site dopants and the neighboring Mn-sites by using a two-orbital double-exchange model including super-exchange interactions, Jahn-Teller lattice distortions and substitutional disorder in two dimensions. We show that the magnetic reconstructions around the B-site dopants due to the modified double-exchange and super-exchange interactions control the phase competition in B-site doped manganites.
In manganites
1-3 , RE 1−x AE x MnO 3 (RE and AE denote rare-earth and alkaline-earth elements), A-site disorder 4,5 is unavoidable except in few cases of specific doping x and special growth technique 6, 7 . A colossal response in a magnetic field emerges due to the A-site disorder which promotes phase coexistence and metalinsulator transition 8, 9 . Similar phase coexistence scenario have also been observed in B-site doped manganites RE 1−x AE x Mn 1−η B η O 3 where a few percentage of Mn-sites are replaced by foreign elements named B-site dopants [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In addition, the B-site disorder can tune a ferromagnetic (FM) metal to an anti-ferromagnetic (AF) insulator 16, 18 or vice-versa 11 . This promotion of a competing ordered phase has no equivalent in the case of A-site disorder.
In few cases the B-site dopant driven transition from a FM-M to a charge ordered insulator or the reverse transition can be explained using the valence change scenario 21 . Here the Mn valence changes to 3 + ν for an α-valent B-dopant in the reference manganites RE , where the charge neutrality requirement, ν(η, α, x) = (x + η(3 − α))/(1 − η). The new effective hole density x ef f = ν. Significantly, all B-site doped experiments can not be explained by the valence change argument as some B-site dopants, particularly the magnetic ones with same valency behave differently 11, 12, 22 . This requires a careful analysis of magnetic interactions between the B-site dopants and the neighboring Mn-sites.
Our focus is mainly on 3+ dopants in a CE-CO-OO-I (CO:charge order; OO:Orbital order; I: Insulator) manganite at x = 0.50. Some elements from our 3+ dopants may exist in 2+ state due to the presence of mixed valence, but that will not affect the qualitative results of this paper. Let us briefly discuss the available experimental data that emphasize the magnetic character of the B-site dopants. The FM-M ground state in Cr doped La 0.5 Ca 0.5 MnO 3 (LCMO)
12 cannot be explained using the valence change argument. With Cr, a 3+ dopant, the hole density of the manganite increases from the initial x = 0.50 but there is no FM-M phase which has hole density greater than x = 0.50 [ 2] in LCMO. When Nd 0.5 Ca 0.5 MnO 3 (NCMO), another CE-CO-OO-I with smaller bandwidth than LCMO, doped with Cr, shows coexistence of FM-M and CO-I phases at low temperature 11, 15 . There is no FM phase for x > 0.5 in NCMO either. Both these parent manganites have FM-M phases at x < 0.50. Dark field images at temperatures below the transition temperature shows that the hole density in the FM domains is less than x = 0.50 [ 12] . This is surprising because the valence change on doping 3+ dopants is in a direction opposite to the clean ferromagnetic (FM) phase, so Cr doping should not have led to a FM-M. In addition to Cr, Ni and Co also lead to ferromagnetism at low temperature when doped into NCMO, going against the valence change scenario. Note, however, that 3+ dopants like Fe, Al, and Sc when doped into the same manganite at x = 0.50 do not induce ferromagnetism at any temperature as shown in the left hand side of the Fig-1 [from ref . 15] . Cr, Ni, and Co also induces ferromagnetism at low temperature at the expense of AF ground state in Pr 0.5 Ca 0.5 MnO 3 (PCMO) 22 . In this letter, we analyze the importance of magnetic interactions between the B-site dopants and the neighboring Mn-sites to understand different magnetic phases at the low temperature. The magnetic reconstructions around the B-site dopants control the phase competition between the FM and the AF phase. We explain the origin of two type of magnetic reconstructions that induces ferromagnetism in an AF insulator. We use a two-dimensional model Hamiltonian for manganites with B-site dopants in the limit J H → ∞ [ 23] . The model is given by
and
The reference 'manganite model' H ref involves the nearest neighbor hopping of e g electrons with ampli- 
. We treat all t 2g spins and phonon degrees of freedom as classical 24 , and measure all energies in units t aa =1. We set stiffness of the JT modes, K=1 and |S i | = 1. The overall carrier density is controlled through the chemical potential. For details please see Ref. 21, 23, 25 We use an exact diagonalization method to the e g electrons in the presence of the t 2g spins and the phonon modes (Q). A Monte Carlo (MC) technique based on the 'travelling cluster approximation' (TCA) 26 is employed to access large system sizes 25, [27] [28] [29] . H ref reproduce the correct sequence of magnetic phases in the 'clean' manganites for J = 0.1 and λ = 1.6 [ 21] .
The CE-CO-OO-I phase is stable only at x = 0.50 for λ = 1.6 and J = 0.1 [ 25, 30] . There are phase separation windows (as shown in Fig-2 of Ref. 21 ) on both sides of the x = 0.50 CE-CO-OO-I phase e.g., anti-ferromagnetic A-type phase (A-2D) phase for x ≥ 0.55 and FM-M phase for x ≤ 0.40. A few percentage of 3+ dopants at x = 0.50 will shift the x ef f into the phase separation region between x = 0.50 and x = 0.55 creating a mixture of A-2D and CE-type phase without any ferromagnetic correlations. The valence change argument may be the correct way to explain the very weak ferromagnetic feature when Fe, Al or Ga dopants are introduced into NCMO (see left side of Fig-1) . But, the mystery is why some trivalent/divalent dopants like Cr and Ni induce ferro- magnetism in the CE-CO-OO-I phase, while other 3+ dopants such as Fe unable to do so.
We modifiy the local physics around the B-site dopant. In principle the SE interaction between the B-Mn sites can be very different from the SE interaction between the Mn-Mn sites. The position of the impurity level at the B-site dopant also makes a difference since it controls double-exchange (DE) driven ferromagnetic coupling between the B-Mn sites. Another important aspect is shortrange Coulomb interaction between the B-site dopant and the neighboring Mn site, particularly when charge ordered reference states are considered. When a B-site dopant is introduced into a CE-CO-OO-I state the fixed charge state of the B-site dopant forces a rearrangement in the valence of the neighboring Mn to minimize the Coulomb repulsion 31 . For instance, a 3+ dopant like Cr is more likely to be surrounded by Mn 4+ ions. H imp contains these three changes in the model due to the Bsite dopants; i) the B-site dopant e g states placed at an energy V above the center of the Mn band, ii) the SE coupling is modified to J' between the B-site moments S n and the neighboring Mn moments, and iii) a nearest neighbor (NN) Coulomb repulsion V c between the B-site dopant and the neighboring Mn sites is added [ 21] . We assume V c = 0.1 in our calculation 31, 32 . The quantitative physics does not change without the NN Coulomb repulsion (V c = 0).
The two parameters V and J ′ define our minimal set to tune the effective magnetic interaction between the B-site dopants and neighboring Mn-sites. Fig-2 shows the phase diagram of the B-site doped CE-CO-OO-I for different combinations of V and J ′ . We set η = 0.08, and have used a small external magnetic field h = 0.002 as in the experiments (see Fig-1 ). In an external magnetic field a Zeeman coupling H mag = −h · i S i is added to the Hamiltonian. We find two unexpected FM regions, one at lower J ′ and V values, the other at higher values of J ′ . The non-ferromagnetic region is divided into two parts: i) A-2D type correlations and ii) spin disordered (SD) like phase.
We believe that the ferromagnetism at large SE regime is due to the complex structure of CE-CO-OO-I phase. The Mn 3+ (or Mn 4+ ) ion in CE-CO-OO-I phase (checkerboard arranged Mn 3+ and Mn 4+ ions) has two NN spins aligned parallel to it and other two NN spins aligned antiparallel to it. For Mn 3+ , out of four next NN spins, two are parallel and other two are anti-parallel to the central Mn spin. Due to large J' at B-site, all the neighboring Mn spins align anti-parallel to the B-site moment. To gain kinetic energy along a '1+8' ring all four next NN align anti-parallel to the B-site as shown in the inset of Fig-2 . For Mn 4+ , all four next NN are already aligned antiparallel to it. At large enough impurity concentration the FM '1+8' rings align in the same direction to promote FM correlations in a AF phase. Notice, this argument does not involve the valence of the dopant.
Along with the AF coupling J ′ , the other crucial effect comes from the short range Coulomb repulsion V c . Due to this 3+ B-site dopants prefer Mn 4+ ions as nearest neighbors. The effective hole density increases with 3+ dopant but most of the low electron density (high hole density) sites are close to the B-site dopants. Some sites with high electron density (low hole density) club together in impurity free patches. The overall pattern that emerges is a complex mixture of FM-M and AF regions. Fig-3 (a) shows the z components of t 2g spins and the electron density for each site from MC snapshots for η = 0.08. The MC snapshot shows ferromagnetic patches and we found that the effective hole density of these ferromagnetic patches are less than 0.50, but are weakly charge ordered, unlike in the experiment [ 12] . This ferromagnetism is purely due to the magnetic and the electronic reconstructions around the B-site dopants. We believe that the magnetic reconstructions also lead to ferromagnetism in Cr doped off-half-filled manganites e.g, (La 0 [ 20] .
For lower V and J ′ values there is another narrow ferromagnetic window. For lower J ′ , B-site dopant connects to nearest neighbors Mn-sites ferromagnetically in the absence of significant SE interaction. This FM alignment is due to the gain in DE energy for smaller V values. In the present case, clusters of '5 sites' spins forms a large magnetic moment, as shown in the inset of Fig-2 . This '5 sites' spin structure is the building block for ferromagnetism in this regime. In fact, a ferromagnetic SE interaction will broaden this ferromagnetic region. As the impurity level (V ) grows the FM phase gets quickly suppressed due to the reduction in the DE energy gain.
In the phase diagram there is no ferromagnetic phase at higher V and lower J ′ values. In this case the system cannot generate either a cluster of '5 sites', or the '1 + 8' ferromagnetic configuration. The spin disordered (SD) region is a complex mixture of A-2D phase and the CE phase. Fig-3 (b) shows the z components of t 2g spins and electron density for each site for V = 5 and 14, 15 . Taking all these observation into consideration we classify different dopants in Table-1. To draw parallel with the experiments we show ferromagnetic structure factor S(0,0) (thermal average combined with an additional average overten different 'samples') with temperature for four combinations of V and J ′ values to probe different parts of the phase diagram in Fig-1 . Only first two combinations [V = 2, J ′ = 0.15 (Cr like); V = 1, J ′ = 0.00 (Ni like)] show significant ferromagnetism at low temperature while the other two have negligible ferromagnetic correlations.
In conclusion, we explained the non-trivial effect of B-site dopants on a CE-CO-OO-I phase. Although valence change is in opposite direction with respect to the FM-M phase, the magnetic reconstructions create large magnetic patches and induce ferromagnetism for Cr/Ni like dopants. We also show that there are two types of magnetic reconstructions that induce ferromagnetism depending upon the magnetic interaction between the Bsite dopants and the Mn-sites. We crudely guessed the value of SE interaction between the B-site dopants and neighboring Mn-sites, but we believe one can extract this value from first principle calculations.
We acknowledge our discussions with Pinaki Majumdar and Anamitra Mukherjee. g ), the U is large as the next electron goes to a t2g level. For Cr 3+ (t 3 2g e 0 g ) the effective U is probably smaller, which is why Cr has a stronger SE coupling to Mn than Fe does.
